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RADIONUCLIDE X-RAY FLUORESCENCE ANALYSISbIII.*

EXAMPLES OF APPLICATION IN PRACTICE

9tefan Varga

ABSTRACT. The aim of this paper is to demonstrate on a
number of examples the utilisability and the importance of
radionuclide fluorescence analysis as a method of instrumental
analysis.

Introduction

Radionuclide fluorescence analysis belongs today among the important physical- /113**

chemical analytic methods. Its main advantage is the conceptual, constructional

and functional simplicity of the radionuclide sources exciting the radiation [1]

and of the fluorescence X-ray radiation detectors. 2 ]

Analytic methods, based on the excitation of fluorescence radiation by radio-

nuclides, can determine a large number of elements from the entire periodic system.

Technically, the process is dependent on the energy of excited fluorescence radia-

tion; therefore it is useful to classify the examples of the element determination

by the radionuclide X-ray fluorescence analysis into several groups according to

the atomic number of the determined element. Table I documents this.

TABLE 1.1-ATOMIC NUMBER OF-THE DETERMINED-ELEMENT AND FLUORESCENCE RADIATION. EERGY

~.q~ *Determined elements Fluorescence radiation energy _

keeV 

-<4Z<20 <4
21< Z< 30 4-9
31 < Z< 57 9-33
58< Z< 71 33--55
72< Z 55--99

* II. Part: Chem. listy, Vol. 65, 1971, p. 28.

** Numbers in the margin indicate pagination in the original foreign text.
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The sensitivity of the fluorescence analysis decreases with a d~ecrease in /114

atomic number, i.e. with decreasing energy of the:K-lines. The observation limit,

which is 0.05% for elements with Z 2 45, increases to 1% for Br with Z=35.

Determination of light elements

(Z<20)

Characteristic K-series lines of the light elements group (Z<20), i.e. the

group from carbon to calcium, have a very low energy: 0,28 - 3.8 keV. Detection

of the radiation with such low energy is a serious technical problem.

The only suitable detectors are the proportional counters, because they have

a sufficiently high detection efficiency, good resolving power, and a low noise

even in the low energy region.

The use of proportional counters filled with argon creates, however, some

difficulties connected with resolving the characteristic argon lines (K : 2.96 keV)

from the lines of the determined element, such as chlorine (K : 2.62 keV) and

potassium. Similar difficulties appear when other pairs or groups of neighbouring

or close elements are determined.

5 5Fe with an energy of 5.9 keV is mostly used as an excitation radiation source

in this energy region. The bremsstrahlung source is usually 3H/Ti with the

characteristic energy line of 4.5 keV. 3H/Zr should be also considered, since it

emits besides the K-line also the zirconium L-line (Zr - L : 2.042 keV), which has

an energy corresponding to the excitation conditions of magnesium, aluminum and
[3] [4]

silicon , and even fluorine[ 4 ]

Bremsstrahlung sources containing tritium and 5 5Fe were used also for the

determination of magnesium, aluminum, silicon, calcium and iron in cement and in

iron ore [5,6,7]. In these processes, the energy resolution of the magnesium,

aluminum, and silicon K-lines was not resolved sufficiently. Chemical analysis

of the cement and raw materials needed for its production represents a field,

in which the radionuclide fluorescence methods are widely applied. The excitation

radiation source used for the determination of calcium in cement was, besides

iron, also 109Cd[ 8]: The continuous "on stream" method for determination of calcium

by 55Fe[ 9 ] is more suitable under operational conditions.
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The model Fe-Al samples proved that for the composition 50% Fe-50% Al

the sensitivity of 1% Al or Fe, respectively, was achieved by using the brems-

strahlung radiation source and that the aluminum content can be determined even

[7]in the presence of iron fro the calibration curve [7]. This was verified by

the determination of the ash content in bituminous coal [7] The ash-forming

elements Si, Al are the neighbouring elements, and therefore they cannot be

distinguished individually by fluorescence radiation. Iron is usually present

in coal also. The silicon content can be taken as a criterion of ash content.

The ash content in coal can be thus determined from the calibration curve repre-

senting the dependence of Si -K line intensity on the percent of the ash-forming
[7]ratio. Figure 1 shows such a curve . The measurement accuracy is ±1.5% of

ash, when the sources 3 H/Ti or 3H/Zr (2.6 Ci) respectively, are used, and the

measuring time is ten seconds. The sulphur content of coal [10] was also studied

by a portable analyser with a bremsstrahlung source (3H/Ti). The main mineral /115

components of coal are usually Al, Si, Ca, Fe, and S. The sulphur content is

between 0-5%; it is determined by a balanced filter pairl. The method is based on

the calibration curve shown in Figure 2. The calibration curve was determined

from coal with an ash content 7% and 13%; the sulphur determination is not

affected by the ash content value. The standard deviation is 0.17m of sulphur for

100 seconds measuring time.

A combined method was developed for the CaO and Fe203 determination in the

raw cement mixture [10] The radiation sources 5 5Fe, 3H/Ti or 3 H/Zr could be

used for the Ca K-line (3.7 keV) excitation. The 3H/Zr source is most suitable

for the iron K-line (6.4 keV). Therefore 5 5Fe is used for calcium K-line

excitation; the iron radiation is not excited then. Iron K-lines are excited

by bremsstrahlung of 3 H/Zr. Although the calcium K-lines are excited as well, they

can be absorbed by an iron filter 0.013 mm thick. Figure 3 shows the dependence

of the Ca-K line intensity on the CaO content in cement. The calibration curve

was obtained from the mixtures with Fe203 (1.45 - 4.5%) using 5 5Fe without a

filter. The standard deviation is smaller than 0.1% of CaO when the CaO content

is 45%. Figure 4 gives the calibration curve for the Fe2 03 content in cement.

It was obtained by the 3 H/Zr excitation radiation and Fe filter (0.013 mm).--The-

standard deviation is smaller than 0.045% of Fe203 for a 3% Fe203 content. The

calibration curve was determined from a mixture with varying CaO content (38.0 -

50.0%).
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Figure 4. Calibration curve for the
determination of Fe2 03content in cement
using the1 iron a Kline entens-ity--[tl].

Utilization of the a radiation sources has certain advantages for the

fluorescence- --radiatio-nt excitation too.

Efficiency of the fluorescence excitation is about.equal for the a radiation /116

and y radiation, when the elements with atomic numbers of 15 - 20 are used. For

lighter elements, the a radiation efficiency is even higher. It increases with

a decreasing atomic number up to a maximum at carbon, then decreases rapidly. The

backscattered a radiation and a-bremsstrahlung have a negligible intensity [1, 12]

The most important a radiation source for the fluorescence analysis is 2 1 0 Po(6 m C) .
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It is used in connection with the mica window,(l mg/cm 2) or windowless proportional

counter [13]. Automatic analysers for cement samples were developed; they use

simultaneously 2 1 0 po for aluminum, silicon and calcium determination, and 3H/Zr

for iron determination [14 - 18]

Determination of elements Sc-' -Zn

(21<Z<30)

The energies of the characteristic K-lines for the elements from scandium to

zinc lie in the 4 - 10 keV region. The radiation detection is technically more

simple in this energy region. Therefore, the radionuclide X-ray fluorescence

analysis is more widely used for determination of the elements with atomic numbers /117

21 - 30. Not only the proportional counters, but also the scintillators and

recently also the solid state detectors are used for the radiation detection.

Radiation of 5 5Fe is advantageous for scandium, titanium and vanadium deter-

mination. If the sample matrix contains only light elements, an accuracy up to

0.01% can be achieved. The presence of a heavier element in the matrix causes a

disturbing matrix absorption effect with respect to the excitation and fluorescence

radiation; therefore, the analysis accuracy is thenlower. Vanadium determination

has reached 0.025% accuracy in the presence of iron 19. Accuracies of 0.1 - 0.2%

were achieved for chromium and manganese determination in steels, and for nickel

and copper determination in copper alloys [19,20]

3H/Zr was used as the excitation radiation source for copper, iron and
[21, 22]

nickel determination in ores and for iron determination in machine oils
[23][ 3] To isolate the Fe-K line fro the scattered radiation is relatively simple;

even a simple filter with an iron absorption edge is sufficient. In ores with

an iron content of 0 - 50%, an accuracy of ± 0.4% was achieved after a one-minute

measurement.

When 3H/Zr is used as a radiation source for the iron, zinc or copper deter-

minations in ores, it is necessary to eliminate the matrix absorption and enhance-

ment effects [22]. Concentration of the neighbouring elements in'ores changes

strongly - - as, for example, the iron concentration in zinc and copper ores. The

two-channel nomogram calculation method can be used under laboratory conditions
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for the measurement of the X-ray lines of zinc and-iron or copper and iron. In the

field, the analyser is replaced by a filter with absorption edge technique.

A remarkable accuracy was achieved in ore analysis with 1 - 5 minute measuring

intervals [22]: + 0.2 - 0.5% Fe in the 0 - 40% Fe content region for iron ores;

± 0.25% Zn and Fe in the 0 - 10% Zn and Fe content region in zinc ores; ± 0.1 - 0.4%

Cu in copper ores with 0 - 15% Cu.

A bremsstrahlung source (3H/Zr) was also utilized for nickel in the aluminum

determination (Ni -K: 7.5 keV). Sensitivity was 1% Ni. The accuracy of a one-minute

measurement in the 1 - 4% Ni range is 2% [].

A flow analysis device was employed for the copper determination in copper
[24]

ores [ .4] Radionuclide 1 0 9Cd was used; it excited, however, the iron lines together

with the copper lines. Iron is often present as an ore impurity. A pair of balanced

filters Fe -Ni, which select the energy region 7.11 - 8.33 keV (Cu -Ka: 8.05 keV),

was utilized together with a proportional counter for the radiation detection.

The absorption matrix effect, caused particularly by the iron impurities (up to 6%)

disturbs the copper determination in copper ores. The intensity of the 1
0 9 Cd

radiation source after transmission through the sample (It ) was measured simultaneously

with the copper X-ray.fluorescence radiation (Ic ). The ratio I /It is, theoretically,Cu ~~Cu t
almost independent of the interfering element concentration. The following considera-

tions were used for the derivation of the transmission correction: the Cu-K line

intensity increases with increasing copper content in ore, but it decreases with a

decreasing iron content. The intensity of transmitted radiation decreases with

increasing content of copper and iron. When the sample thickness is chosen properly,

the ratio ICu/I
t

is independent of the iron concentration and sensitive to the

copper content.

Powdered samples were used for the copper determination in ores. Absorption /118

of the 1 0 9 Cd radiation in analysed samples was measured simultaneously to decrease

the matrix absorption effect. A portable, battery-operated fluorescence analyser

[10] was utilized for the copper determination in ores by radionuclide 10 9Cd--r-adia-- 
i

tion. The presence of iron or cobalt disturbs the measurement. It is impossible to

distinguish their characteristic lines by a NaI (T1) scintillator spectroscop cally.

Therefore, a pair of balanced filters Ni (7.7 mg/cm 2) and Co (8.-5 mg/cm 2) was

employed for the selection of the fluorescence line energy. The absorption edges

6



-I! fluorescence radiation
intensity (Co filter)!

Figure 5. Nomographic determination of
lthe copper content in ores -a* its
dependence on iron content [10].

of the filters are: Co - 7.71 keV,

Ni - 8.33 keV; the copper Ka line (8.04 keV)

lies in this interval.

The matrix absorption effect, caused

by the presence of iron, can'be completely

eliminated by the graphic solution with no-

mographs, shown in Figure 5. The difference

in the impluse number for the filter pair

Ni-Co is given on the ordinate axis. This

quantity depends linearly on the content

of both copper and iron. The pulse number

after filtering with cobalt is on the

abscissa axis. The statistical error,

after 20 seconds measuring time, is 0.035%

Cu and 0.05% Fe.

For cobalt and zinc excitations, the 1 0 9 Cd is advantageous; it produces by

electron capture quantum radiation of 22 keV energy. Fluorescence radiation can be

relatively easily discriminated from the scattered excitation radiation by a pro-

[3]
portional counter

The zinc content in zinc ores was determined by the radionuclide 1 0 9Cd

(0.5 m Ci) radiation and a proportional counter. A pair of balanced filters Cu -Ni /119

was used to isolate zinc Ka-line [24]

A bremsstrahlung source 1 4 7 Pm/A1 was utilized for the copper and nickel

determination in water sludge [25] and for the cobalt determination in hydrocarbons';

[26] The sensitivity of 10 ppm Co was ensured by the balanced filter pair Mn - Fe.

The main hydrocarbon components are hydrogen and carbon, with traces of iron [27]

The proportional counter and one-channel amplitude analyser are used-for--

analysis of Cu-Zn alloy by the 3H/Zr bremsstrahlung excitation. The copper K-line

(8.0 keV) is more excited than the tin L-line (3.4 keV). An accuracy of 0.33% was

achieved in tin determination by a 100-second measurement in alloys with up to 50%

[27]Sn
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..-. Analyi s'of the Cu-Zn alloys is somewhat difficult, because the elements

form a pair of neighbours in the periodic system. The characteristic lines cannot

be solved by the proportional counter and both elements are almost equally excited.

A nickel filter (0.013 mm) absorbs the zinc K-line, and thus the copper content in'

the alloy can be measured. An accuracy of 0.9% copper was achieved by a 200-second

measurements in alloys with 90% copper [217] 

When elements of the IV period are determined, excitation caused by 6-particles
[28-33]

emitting radionuclides is sometimes used;[ 3].

Determination of elements;Ga-Ba.

(31<Z<57)

The most favourable conditions for the radion'uclide fluorescence analysis

are in the region of elements with medium values of the atomic number. The charac-

teristic lines of the K-series in this region of elements Z:31-57 have energies of

9-33 keV. A large number of suitable radionuclides exists for the excitation of

this energy; the radiation detection is not technically difficult. The sensitivity

nd-cdracry of the element determination by methods of radionuclide X-ray fluores-

cence analysis are most favourable for the medium Z elements.

Scintillation detectors are mostly used for the detection of fluorescence

radiation. However, examples of proportional counters or solid state detectors

utilization can be found too.

1 0 9 Cd and 125I are used for excitation of elements with atomic numbers

31-41. The latter is, however, disadvantageous for its relatively short half-life

(60 days). The y-radiation of 1 0 9 Cd can be employed for excitation of fluorescence

radiation of molybdenum, technicium and ruthenium. However, their K-lines overlap

with the scattered radiation during detection. Although an accuracy of 0.04% was

achieved in molybdenum and niobium determination in steels and 0.03% in ores,

this was possible only with the help of a pair of balanced difference filters [19].

14

Fast zirconium determination by radionuclide fluorescence analysis was utilized
J

.2 for different sand raw materials and zirconium concentrates [34] The source of 

'exciting radiation was 1 0 9 Cd. The sand raw materials, due to a relatively high 

iiron and titanium content, have a high matrix effect. Matrix effects were eliminated /120

~~~~~~~~~ ii»L~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
·8-, r I-.:,~% S'TOP HERE
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!y5-,omographic interpolation of the zirconium fluorescence radiation and scattered

excitation radiation. The radiation intensity was measured by a proportional

detector and pulse counter. Concentrates were diluted by pure sand. To reduce

the matrix effects, the ratio of intensities of the fluorescence radiation and

scattered radiation was measured. With filters, an accuracy 1.5% of Zr was

achieved in concentrates with 0.4 - 1.8%iof Zr; in concentrates with <0.2% of Zr

the accuracy achieved :was 8%. The results were less favourable without filters.

The relative error is 2.8% for 0.4 - 1.8% Zr; and for <0.2% of Zr the relative 

error is even 10%. All results refer toia one-minute measurement time. 

Radionuclides2 4Tl'A and 1 5 3Gd are used for the excitation of elements heavier

than ruthenium. Their y-radiation, or occasionally, X-ray radiation from a suitable

target, are utilized. 

The tin content in solder (Sn-Pb) was determined by 241Am y-radiation; the

tin K-line (25 keV) was measured. An accuracy of 8% was achieved during one-minute'

measurements [15] within the 1 - 5% tin range. Determination of the silver compo-

nent in photographic emulsion AgBr by 241Am is based on the intensity measurement

of the silver K-line (22 keV) radiation. In one-minute measurements, 2% accuracy

was obtained [27]

X-ray radiation, excited by y-radiation, was employed for determination of

small amounts of cadmium (0;- 0.3%) in zinc plates [35] 1 5 3 Gd-Te was the source of|

X-ray radiation; intensity of the Cd Ka line was measured by a NaI(T1).,scintillation

counter. A palladium filter 0.06 mm thick was used. The calibration curve is

shown in Figure 6. Sensitivity of the analysis is 0.007% Cd. 

Antimony in the 0 - 2% range was similarly determined in lead plates [35] K
1 5 3 Gd-Cs served as the X-ray radiation source, with cesium in the form of CsCl.

The calibration curve is shown in Figure 7. A sensitivity 0.013% Sb was achieved. 

i , k~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~i

5 ~ The combination 1 5 3 Gd-Sb was utilized for silver determination, while .7121

1 5 3 Gd-Te was used for cadmium determination in alloys. Tin in alloys was determined4

with an accuracy of 0.01%19 by 2 41Am-Cs36 and 2 41Am-Ba. A bremsstrahlung source J

- 1 4 7 Pm/Al was also utilized for tin determination; accuracy of 0.1 - 0.03% [19,37 20]

i was achieved. Suitable combinations of y radionuclide and the target were used_ -

ST'OP HERE STOP HERE
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Figure 7. Calibration curve for antimony
in lead determination [35].

for excitation of elements between radium

and barium. The combinations were chosen

in such a way that the optimum excitation

achieved.

Barium in geological samples was determined by the y radiation (88 keV) of

1 2 7Te39 radionuclide.

The BaSO4 centent in different mixtures with qualitatively equivalent comp-

osition [40] was determined by the fluorescence method. y radiation of radinuclides

17 0Tm and 7 5 Se (0.4Ci) was used for the excitation. Barium fluorescence radiation

[1, 40]was detected by the NaI (T1) scintillation counter using a calibration curve [ ]

The change in the quantitative chemical matrix composition caused measurement

errors of 1 - 2%.

Ingenious methods employ bremsstrahlung sources, where the 8 radionuclide

and target element form a common molejcule: 3 5 S/Ba in BaSO4 form, and 1 4C/Ba in

BaCO3 form. Antimony, tin and molybdenum in rocks were determined by these radiation

sources in combination with a pair of balanced filters [41 - 44]

Lanthanide determination

(58<Z<71)

Radionuclide X-ray fluorescence analysis did not find a wider application for

lathanide determination. The closeness of the lathanide characteristic energy

lines, on the one hand, and an insufficient resolving power of the detectors, on

the other hand, are the most decisive reasons for that. 170Tm45 was used for the

10
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lathanide excitation. 2 4 1Am is also suitable, both directly as a y radiation source

or,'in combination with a suitable target, as a X-ray radiation source. 

Determination of heavy elements

,'(]Z>72)

Heavy elements can be determined in X-ray fluorescence not only by their K

lines, but also by their L lines. I

* 1 HI~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
The characteristicK-series- energyis_in_the_55 .. 99_keV interval for the

heavy elements (72<Z<92)-"y radionuclides 5 7Co, 1 5 3Gd, 7 5 Se, 17 0 Tm [ 9 41, 39, 46]

couldIbe used for the excitation. Scintillation and solid-state counters [, , 48

are suitable for fluorescence radiation detection.

When exciting the fluorescence K-lines of heavy elements, it is difficult /122

to shield radiation with an energy of about 100 keV. Geometry with nonparallel

axes is more suitable than co-axial geometry in such cases. The experimental

:arra nement with nonparallel axes, particularly with collimated radiation, allows a

better elimination of the disturbing scattered radiation. The portion of scattered

radiation is, especially in the matrix containing light elements, rather large at

the energy of characteristic X-ray radiation of heavy elements. The geometry with

nonparallel axes has, however, a disadvantageously lower geometrical excitation

efficieAcy. Therefore, the radiation source must have greater activity.

is

by

The rlative error of the tungsten determination in steels (1 7 0 Tm and 7 5Se)
140]

about 1% [4] for 2 - 20% of W content. Tungsten in steels was also determined !

the 1 9 2 Ir excitation and K-line intensity measurement; the accuracy was ± 0.1%[ 49]

15 3Gd [19] was used for lead determination in steels with an accuracy of

0.2%; lead and mercury in geological samples were determined by 7 5 Se and 1 7 0Tm

50, 39, 4 6]L The accuracy of 0.1% [ ] was achieved in lead determination in ore

sludges and tungsten, lead and mercury determination in solutions; 1 9 2 Ir (E -308keV)5

'was used. 

12 . ..y radiation of radionuclide 1 9 2 Ir was employed for lead determination in._ 2

i powder mixture PbS -SiO2 -FeS2-ZnS [49] A PbS content below 2% can be determined t

*with a relative accuracy of 5%. _

STOP HERE STOP HERE
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2________0________Figure 8 shows the dependence of the

K-line intensity of lead, mercury, and

a~-~~~~~ a .tungsten in water solutions on their

concentration [49]. 1 9 2 Ir y radiation

~a) so'W~~~ Zwas utilized for the excitation; an

l-4 Z > l >~~accuracy of 0.1% was achieved. It is

'zJ'4 v1O_ Zassumed that a similar accuracy can be
heavy metal content|-heavy metal conten achieved for uranium and plutonium de-

Figure 8. Curves showing the dependence termination in water solutions.
of Pb,Hg,W K-line intensity on the
concentration of their aqueous
solutions [49]·~solutions [~49].~ Uranium in water solutions was

determined by 5 7Co radiation excitation

in a geometrical arrangement with static and flowing samples [51]. 5 7Co with a

radiation energy of 122 keV is suitable for the uranium K-line excitation (97 keV).

An accuracy of 1% was reached in solution with 0.02 - 1.0 gmol/Z concentration.

5 7 Co radiation would be suitable for plutonium K-line excitation also; its absorption

edge is 121.7 keV [51] The solid-state detectors are effective for analysis of

uranium solutions [52]. A large number of radionuclides - 7 5 Se, 1 4 1Ce, 144Ce-

1 4 4Pr, 154Eu[40-]L with suitable y radiation energy for uranium K-line excitation

was suggested for application in fluorescence analysis.

Bremsstrahlung radiation sources are sometimes used for X-ray fluorescence /125

analysis of heavy elements. According to this, tungsten.in tool steels was

determined by 9 0Sr -9 0Y/Pb [40, 53, 5 55] An accuracy of 1.3% was achieved in

a concentration range up to 20% of W.

A scintillation detector and single channel pulse analyser were used. Exci-

tation by 1 4 7 Pm/Al bremsstrahlung was utilized for the tungsten determination in

highly alloyed steels with Fe,Co, and Cr present. With 5 - 20% W, an accuracy of 2%

was achieved in 20-second measurements.

X-ray radiation sources of y radionuclide-target were used only rarely in

heavy element analysis. It is difficult to find a suitable target material. For

example, tungsten in solutions was determined by the 1 5 3 Gd/Pb [36] radiation source.

12



nf - TABLE II. REVIEW OF X-RAY RADIOFLUORESCENCE ANALYSES

Group of Atomic ~lement Analysed - ference
elements no. sample

cement
cement
cement
coal 
coal 
cement |

mixtures
,rocks_.
,ore

steel
mixtures
steel
',mixtures
isteel
imixtures
steel
,mixtures
cement
ore 
mixtures
rocks
ioil

5,6,7
5,6,7,14,15, 16,17,18
5,6,7,14,15,16,17,18

10
10,5,6,7,8,9,14,15,16,17,1

19
19, 53, 58

19, 58

5, 19, 20,53,58

19,20,53, 58

10,5,6,7,8,21,22,23,59,60

mixtures I 3, 26, 24

hyd roc arbons
aluminuml - 19,20,21,

ore 
alloys 
sludges|

-or-e~- -.27, 3, 22, 2

alloys
concentrates
oree 27,3,22,2
alloys
concentrate
sludges
solutionsI

mixtures 65

con centrat 66,34,67

concentrates
solutions

I8, 57

22, 25, 39, 23, 58,61

Z5,24, 6 63,64

25,24,62,63,64

13

T< 20 12
13
14

16
20

21 < Z< 30 21
22

Mg
Al
Si

S
Ca

Sc
Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

Y
Zr

23

24

25

26

27

28

29

30

31 < Z< 57 39
40

j1

I
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TABLE II. REVIEW OF X-RAY I RADIOFLUORESCENCE ANALYSES

(Continuation)

Element Analysed
sample

Reference

31 < z < 57

31< Z< 57

41

42

47
48

50

51

56

58 < Z< 71 58
71

Z>72 72
73
74

78
79
so80

82

90
92

94

Nb steel
ore
sludges
mixtures

Mo steel1
ore |
smixtures-
.solutions

Ag photomaterial
Cd zinc

alloys
Sn bronz eJ

barrel steel1
sludges, mixtures|
solutions[

St 1e-4---
~I Irocks .

I Ba mixtures|

'sludges
_ _ solution

,lanthanides mixtures
mineralsl

IHf
Ta
W

i

Pt

Au
Hg

Pb

i

Th
U
Pu

solutions
mixtures]
steel - -
mixtures

solutions
mixturesl

rocksl
soluti one,
brass

I

steell. 
rocks '
sludges]
solutions!

mixtures 
.mixtures
solutions]

. _- ·

19, 53, 64

19,41,42,43,44,53,64

27, 36,68
69,36,35,70

27,19,20,36,37,41,42,43,44,62,
4, 68
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'; Miligram amounts of tantalum, platinum, gold, lead, tungsten, thorium and

uranium wer-edetermined in\model samples by 5 7 Co y radiation and solid-state
T-je-~ __ ---- _r4-7_48]

germanium detectors 

X-ray fluorescence determination oflheavy elements by their K-series lines is

more advantageous than the utilization of th: L-series lines. The former is almost
[3]

uninfluenced by the inhomogeneity and grain size of the analysed samples On

the other handj, a determination of heavy elements from their L-series lines is

more accurate. The energy region of L-series lines is 7 - 14 keV; therefore,

different radiation, sources are used for L-series lines andK=series line excitations.
radinuclde 

4
lp~witha cadmim taget[56]

For example, the radionuclide 241Amwith a cadmium target [56] was used for uranium

determination in solutions using L-lines.

Review of radionuclide fluorescence analyses

X-ray fluorescence analytic methods with radionuclide fluorescence radiation

excitation sources were used in a large number of analyses. The decisive factors

for accuracy and sensitivity of the analysis are: 

- atomic number of the determined element

- chemical composition of the analysed sample matrix

- geometrical arrangement of the radiation source, sample, and radiation detector

- type of radiation detector employed

Review of the elements (together with the sample type), determined by the

radionuclide fluorescence analysis, is given in Table II.

,Conclusion

This work is a continuation of the two preceding parts in the series on radio-4

nuclide X-ray fluorescence analysis. The first part described the principles of

this analytic method and most commonly used radionuclide sources of excitation 5 /126

radiation. The second part described the detectors of the X-ray fluorescence .

radiation and the measuring technique.

~2

1
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'FI:!The goal of this third and last part is to show,on a number of examples, the

applicability of the method, and to document the importance of radionuclide X-ray 

fluorescence analysis as an instrumental analytic method.
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